This paper describes the results of the first full-scale implementation of a two-stage vertical flow constructed wetland (CW) system developed to increase nitrogen removal. The full-scale system was constructed for the Bärenkogelhaus, which is located in Styria at the top of a mountain, 1,168 m above sea level. The Bärenkogelhaus has a restaurant with 70 seats, 16 rooms for overnight guests and is a popular site for day visits, especially during weekends and public holidays. The CW treatment system was designed for a hydraulic load of 2,500 L.d À1 with a specific surface area requirement of 2.7 m 2 per person equivalent (PE). It was built in fall 2009 and started operation in April 2010 when the restaurant was re-opened. Samples were taken between July 2010 and June 2013 and were analysed in the laboratory of the Institute of Sanitary Engineering at BOKU University using standard methods. During 2010 the restaurant at Bärenkogelhaus was open 5 days a week whereas from 2011
INTRODUCTION
Constructed wetland (CW) systems are a suitable technological solution for small villages and single buildings as they are a simple technology in construction as well as in operation and maintenance. Additionally, they have a high buffer capacity for hydraulic and organic load fluctuations and high robustness and process stability. Vertical flow (VF) CWs with intermittent loading are used when stringent effluent thresholds regarding nitrification have to be met (Kadlec & Wallace ) .
According to the Austrian design standards (ÖNORM B 2505 ) the requirements of the Austrian regulation (1.AEVkA ) regarding maximum effluent concentrations and minimum removal efficiencies can be met using single-stage VF CWs operated with an organic load of 20 g COD.m À2 .d À1 (i.e. 4 m 2 per person equivalent (PE), with 80 g COD.d À1 per PE for mechanically pre-treated wastewater). A two-stage VF system with a specific surface area requirement of 2 m 2 per PE has been developed to increase nitrogen removal. Using this new design a nitrogen removal efficiency of more than 60% at high elimination rates of about 1,300 g N.m À2 .yr À1 could be achieved (Langergraber et al. , , ) .
This paper describes the first full-scale implementation of the two-stage CW system. The system was designed for the Bärenkogelhaus, a restaurant at the top of a mountain which is a popular location especially during weekends and public holidays. The CW system was built in fall 2009 and brought into full operation in spring 2010. Results of the performance of the system are presented for the 3-year investigation period.
MATERIAL AND METHODS

Site description
The full-scale two-stage VF CW system was constructed at the Bärenkogelhaus located on top of the Bärenkogel mountain in Styria, 1,168 m above sea level. The Bärenkogelhaus has a restaurant with 70 seats and 16 rooms for overnight guests. It is a popular site for day visits, especially during weekends and public holidays. The CW treatment system was designed for 40 PE with a specific surface area of 2.5 m 2 per PE (organic design load 32 g COD.m À2 .d À1 ) with a hydraulic load of 2,500 L.d À1 .
The beds of the two-stage VF CW system are operated in series and are loaded intermittently with mechanically pretreated wastewater. Loading of both stages is done using siphons, with a single load quantity of 580 L. Both beds have a surface area of 50 m 2 . The 50 cm main layer of the first bed (stage 1) consists of sand with a grain size distribution of 2-4 mm, the 50 cm main layer of the second bed (stage 2) of sand with a grain size distribution of 0.06-4 mm. Both stages have a 10 cm top layer of gravel (4-8 mm) and are planted with common reed (Phragmites australis). The drainage layer on the bottom of both beds has 20 cm of gravel (8-16 mm) and the drainage layer of the first stage is impounded. The system was constructed in fall 2009 and started operation in April 2010 when the restaurant re-opened.
In 2010 the restaurant of the Bärenkogelhaus was open continuously 5 days a week (closed on Mondays and Tuesdays). At the end of 2010 the lessee terminated his contract, and since then the Bärenkogelhaus is open only on demand for events. The first events took place in July 2011. During summer the Bärenkogelhaus was open for events almost every weekend, and during the other seasons about once a month.
Experimental program, on-line measurements, analyses and data evaluation
Routine samples were taken bi-weekly from the influent of the two-stage CW system after pre-treatment as well as from the effluents of the first and second beds by the lessee or the owner and stored in a fridge. A checklist was developed that was completed for each sampling. During investigations of peak load events, samples were collected for a period of about 1 week before and after selected events using automatic samplers.
Routine samples were analysed for total suspended solids (TSS), biochemical oxygen demand (BOD 5 ), chemical oxygen demand (COD), NH 4 -N, NO 2 -N, NO 3 -N, and total nitrogen (TN) in the laboratory of the Institute for Sanitary Engineering at BOKU University using standard methods. Samples taken during event sampling were analysed for COD and NH 4 -N. For data evaluation, concentrations below the limit of detection have been considered as having the value of the limit of detection.
The water level in the influent chamber of stage 1 where the loading siphon is placed was measured online using a pressure probe. The number of loadings was calculated from water level changes. Additionally, the temperatures of the surrounding air, influent and effluent water and at different depths of the VF filters of stages 1 and 2 were measured online.
RESULTS AND DISCUSSION
Due to the change of operation of the Bärenkogelhaus the data are presented for two periods: (i) from the start of the investigations until end of 2010 (5 days per week continuous operation of the restaurant ¼ 'Continuous operation') and (ii) from July 2011 (start of the events ¼ 'Event operation'). Figure 1 shows a typical loading of the CW system during 'Continuous operation' over an 18-day period in September 2010. The opening days of the Bärenkogelhaus (Wednesday to Sunday) can be clearly seen as well as the higher number of loadings during weekends (shaded grey). Figure 2 shows the distribution of loading intervals for the two operating periods. In total 307 loadings were recorded during 'Continuous operation' (6 months), 528 loadings during 'Event operation' (48 months). The average hydraulic load of the system was 9.7 mm.d À1 during 'Continuous operation' and only 4.1 mm.d À1 during 'Event operation'. Figure 2 shows that there is a higher number of longer intervals during 'Event operation'. Figure 3 shows the measured COD concentrations during the whole investigation period. The change of the operation of the Bärenkogelhaus can be clearly seen in the change of the COD influent concentrations. A similar pattern was measured for BOD 5 (not shown). Figure 4 shows the measured NH 4 -N concentrations and the effluent water temperature. Contrary to the organic parameters, the NH 4 -N influent concentrations were not lower during the event operation period. Effluent NH 4 -N concentrations were far below the maximum allowed (10 mg/L, which has to be met when the effluent water temperature is higher than 12 W C). The maximum measured NH 4 -N effluent concentration during winter was <0.5 mg/L. Tables 1 and 2 show the influent concentrations during the two operating periods. During 'Continuous operation' of the restaurant the influent BOD 5 and COD concentrations in the first stage were significantly higher compared to 'Event operation'. The reduced organic load can be explained by the fact that during 'Event operation' the kitchen of the Bärenkogelhaus was used less. For the period with continuous operation of the restaurant the calculated average of the specific organic load was 10.3 g COD.m À2 .d À1 , i.e. only about 32% of the organic design load. However, during weekends with many visitors the organic load reached about 80-90% of the organic design load. During event operation the calculated average of the specific organic load was 1.4 g COD.m À2 .d À1 , less than 5% of the organic design load. Due to the lower concentrations the maximum organic load during 'Event operation' on weekends with high hydraulic loads was <15 g COD.m À2 .d À1 , i.e. less than 50% of the organic design load.
Hydraulic load
Concentrations
Influent concentrations
Effluent concentrations and removal efficiencies during 'Continuous operation' Table 3 and Table 4 show the effluent concentrations of the first and second stage, respectively, and Table 5 the removal efficiencies. During the whole period the maximum allowed effluent concentrations (25 mg BOD 5 /L, 90 mg COD/L and 10 mg NH 4 -N/L) were not exceeded, and the required minimum removal efficiencies (95% for BOD 5 and 85% for COD) were reached. In addition to the legal requirements, a stable nitrogen removal efficiency of >70% was obtained. a Number of analyses below the limit of detection (0.003 mg NO 2 -N/L).
b All analyses were below the limit of detection (0.1 mg NO3-N/L).
Effluent concentrations and removal efficiencies during
'Event operation' Table 6 and Table 7 show the effluent concentrations of the first and second stage, respectively, and Table 8 the removal efficiencies during 'Event operation'. Also in this period the legally allowed maximum effluent concentrations were not exceeded. The required minimum removal efficiency for COD (85%) was met during the whole period, whereas for BOD 5 the required minimum removal efficiency (95%) was not reached for seven sampling dates. The required removal efficiency at these sampling dates was not reached because the influent concentrations have been very low; measured effluent concentrations were below the limit of detection (3 mg BOD 5 /L). Number of analyses were below the limit of detection (0.003 mg NO 2 -N/L). b All analyses were below the limit of detection (0.1 mg NO 3 -N/L). Number of analyses were below the limit of detection (1 mg N org /L). b All analyses were below the limit of detection (0.003 mg NO2-N/L and 0.1 mg NO3-N/L, respectively). 
Special investigations (event sampling)
During 2012 the behaviour of the two-stage CW system under peak loads was investigated. Five out of 18 recorded events in 2012 were sampled. The results of these investigations are described in detail in Langergraber et al. () .
As an example, the results of the sampling for a wedding with 90 guests and 20 overnight stays (28-29 July 2012) are presented here. During the event the hydraulic loading rate of the CW system was 25.9 mm/d (about 100% of the design hydraulic load). The influent concentrations were 582 ± 40 mg COD/L (N ¼ 9) and 82.7 ± 3.9 mg NH 4 -N/L (N ¼ 9). The COD effluent concentrations of stage 1 and 2 were 111 ± 25 mg /L (N ¼ 18) and 17 ± 3 mg/L (N ¼ 9) respectively. During the event an increase in the NH 4 -N effluent concentrations of stage 1 from 10 to 40 mg NH 4 -N/L could be observed (average during the event 33.4 ± 10.2 mg/L; N ¼ 18). However, there was no increase of a Number of analysis below the limit of detection (1 mg TSS/L, 3 mg BOD 5 /L, 0.003 mg NO 2 -N/L, and 0.1 mg NO 3 -N/L, respectively). a Number of analysis below the limit of detection (1 mg TSS/L, 3 mg BOD 5 /L, 10 mg COD/L, 0.03 mg NH 4 -N/L, 0.003 mg NO 2 -N/L, 0.1 mg NO 3 -N/L, and 1 mg Norg/L, respectively).
the final NH 4 -N effluent concentration (0.05 ± 0.01 mg/L; N ¼ 6). The average hydraulic load in 2012 was 16% of the design hydraulic load; the calculated specific organic load was 2.3 mg COD.m À2 .d À1 (only 8% of the design organic load). During several events the design hydraulic load was reached, however, the specific organic load during these events was still <15 mg COD.m À2 .d À1 and therefore below 50% of the design organic load (Langergraber et al. ) .
During all sampled events the final effluent concentrations were around or slightly above the limit of detection for COD (10 mg/L) and NH 4 -N (0.03 mg/L); the high hydraulic loads during events did not have an impact on the removal efficiency of the system.
CONCLUSIONS
The following conclusions from the full-scale implementation of the two-stage VF CW system can be drawn:
• In general, the two-stage VF CW system shows a very robust treatment performance. All effluent concentrations measured during the 3-year investigation period for the two-stage VF CW system at the Bärenkogelhaus fulfilled the requirements of the Austrian regulations (25 mg BOD 5 /L; 90 mg COD/L and 10 mg NH 4 -N/L). Effluent NH 4 -N concentrations of the two-stage VF CW system are very low; the maximum effluent concentration measured in winter was <0.5 mg NH 4 -N/L.
• Required removal efficiencies for COD (85%) were met during the whole investigation period. During periods with very low influent concentrations the removal efficiencies for BOD 5 were below the required 95% although the measured effluent concentrations were below the limit of detection (3 mg BOD 5 /L). Additionally, stable nitrogen removal efficiencies of more than 70% could be achieved without recirculation using the two-stage CW design. • Despite the low loads it could be shown that the twostage VF CW system performed well. Already in the first months during which high hydraulic and organic loads occurred during weekends, the removal efficiencies were very high.
• During events with high hydraulic loads a high buffer capacity of the treatment system could be observed. No increase of COD and NH 4 -N effluent concentrations was measured during high hydraulic peak loads. 
